We give an extensive treatment of the pairing symmetry in the ferromagnetic superconductor U Ge2. We show that one can draw important conclusions concerning the superconducting state, considering only the transformation properties of the pairing function, without assumptions about the form of the pairing amplitudes.
I. INTRODUCTION
The interplay of superconductivity and magnetism is a subject of central importance to accomplish a basic understanding of the fundamental interactions in a solid. In particular, the coexistence of superconducting and ferromagnetic states is still a matter of controversy. Early contributions to this topic include the works of Matthias and Bozorth on ZrZn 2 1 and of Ginzburg 2 , who was the first to address the problem of coexistence of both phenomena.
It was only recently that U Ge 2 3 (for a more complete reference see 4 ) , was found to display such properties. Since magnetic fields tend to suppress conventional superconductivity, such a coexistence is expected to take place in a unconventional state 5 . Although one can find many efforts in the search for a microscopic theory specific to this problem ( 6-8 ), there is still a lot of work to be done, and a phenomenological approach is of great importance.
The theory for unconventional superconductivity was given in 5 for systems where the normal state (non superconducting) is paramagnetic, and its group of symmetry includes the time reversal operation. In turn, for ferromagnetic metals, the normal state is associated to a magnetic group, or cogroup, and the superconducting states arising from this normal state are classified according to the co-representations of this cogroup 9 . Consequences for ZrZn 2 were explored, including both, strong and weak spin orbit couplings 10 . General discussions on other systems were also given in 11 . Following the above approaches, in this paper we propose a detailed and rigorous treatment of this problem for the case of U Ge 2 , in the strong spin orbit regime.
II. THE BASIC HAMILTONIAN AND SYMMETRIES.
Our Hamiltonian is based on some aspects of the physics of U Ge 2 3,4 . Its ferromagnetic (FM) properties resemble closely a metallic state, where the Fermi surface has a big splitting (70mev) between the up and down spin bands. This fact points for a choice of an 'equal spin pairing' (ESP ) state, with intraband pairing only. Moreover, the FM state is strongly anisotropic. The magnetization is clearly pinned along the crystallographic a axis, which we take as the z direction. This is very important, since the transverse magnetic fluctuations are pair breaking for our proposed ESP state. Hence, these fluctuations are considered to be much smaller than the interactions along the z axis, and we keep just this component.
The basis of our theory is a generalized BCS Hamiltonian that allows for triplet paring 12 . We also add a term describing a ferromagnetic exchange coupling with strength J 7 . After a standard mean field approximation, we remain with:
M acts as a potential describing the magnetization of the system and ∆ σσ (k) is the pair potential of the superconducting state. In our case, this potential is indeed a matrix that we write in the form:
which can be parametrized in terms of the elegant and useful d(k) vector formalism 12 :
(4) With the choice of an ESP state, we are left with a twodimensional order parameter lying on the xy plane, while the spin of the Cooper pairs is along the z axis: 
For our purposes, a more suitable d(k) vector is:
where the Γ index labels the irreducible corepresentation associated with the transition. This d(k) vector is the order parameter of our theory for triplet pairing. We denote by G the normal (ferromagnetic) state from which the superconducting state will rise. It is written as:
where M is the magnetic group of the system, constructed from its crystal symmetry, and U (1) is the gauge group. U Ge 2 has an orthorhombic crystal structure with full inversion symmetry 4 , identified with the C mmm space group. From now on, we treat only the point group symmetry, as it is common when one consider the Landau theory of phase transitions. It is based on the prescription that macroscopic properties in thermodynamic equilibrium should not depend on details related to the translational symmetry of the system. The point group of interest is D 2h , which is generated by the operations {C 2z , C 2x , I}. To describe a state with a magnetization vector along the z axis, one needs to include the timeinversion operator K, combined with some symmetry operation. A suitable choice that solves this problem is:
yielding the complete magnetic point group:
Note that a magnetization (axial vector) along the z axis is completely invariant under the operations of (8), as it should be. To further simplify our work, we only proceed with the group {E, C 2z , KC 2x , KC 2x }, taking care in fixing the parity of the representations. This cogroup is denoted D 2 (C 2 ), and has two irreducible corepresentations, which we label A and B (see table I ) . From table I, we see that S A is associated with the trivial breaking of U (1) gauge symmetry, while for S B we should consider a subgroup of U (1), isomorphic to the invariant subgroup {E, KC 2x }. Such a subgroup is simply {E, exp(iπ)}. The result is that S B contains the so-called non-trivial elements. Table II summarizes these results.
III. ANALYSIS OF RESULTS
Each of these superconducting classes is related to a gap structure. This is determined from the transforma- tion properties of the d(k) vector under the action of the class elements. For the C 2z element of the class S A , and taking the k vector as k 0 = (0, 0, k), we have:
but from table I we get:
meaning that the gap will have point nodes on the intersections of the Fermi surface with the k z axis. For the S B class, taking C 2z e iπ and the k-vector as k 0 = (k x , k y , 0), we have
Recalling that ∆(k) must satisfy the Pauli antisymmetry property ∆(−k) = −∆(k), and looking at table I, we write:
resulting that the gap will have a line node on the intersection of the Fermi surface with the k x k y -plane. Finite values for the interband paring potential change this scenario. To investigate its consequences, we directly study the transformation properties of the paring potentials. First, we set up the transformation for the c k , c † k operators under (8):
where λ is any complex number. To deduce these rules, one should represent the time inversion as K = (iσ y )θ (where θ is the complex conjugate operation), and consider that pseudo-spin states transform like spin eigenstates. The translational part of the operation is explicitly written, because we are now dealing with properties of microscopic quantities in a way that lattice translations are important. The situation is not more involved, since the space group of interest is symorphyc. Now, we require invariance of the Hamiltonian (1), including all the ∆ αβ potentials in the two body interaction part. Below, we work out an example for the non-unitary operator (KC 2x | 0):
We turn now to the expansion of the paring amplitudes in terms of the cobasis functions ∆ Γ (k) = i η Γ,i f i (k). The η Γ,i are the order parameter components usually associated with the expansion of the Ginzburg-Landau free energy, and f i (k) are the orbital basis functions. We choose the phase as KC 2x f Γ (k) = f Γ (k) for the basis functions, being this choice dictated by the character table of this group. This choice implies that we have KC 2x η Γ = η
